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ABSTRACT
Vapor pressure, critical constant, and compres-
sibility data for hydrocarbon gases are of growing importance
to the oil and other chemical industries. All of these data
for a pure substance or mixture can be determined with one
gas sample in the compressibility apparatus as described by
Beattie (1 ). In brief, the properties of the substance or
mixture are studied in a glass-linedor unlined steel bomb
immersed in a constant temperature bath, the volume varied
by introducing or removing mercury, and the pressure
measured with a dead-weight piston gauge, which consists of
a piston floating in oil which transmits the pressure from
the mercury confining the sample, and on which rests a
calibrated scale pan which carries weights for balancing
the gas pressure.
Data are taken by setting the bath temperature
and measuring the pressure for the desired series of volumes.
A wait of one-half hour before recording the pressure at
each volume ensures equilibrium, since past experience has
shown that the pressure does not change in general after
one-half hour. Since some of the volume corrections depend
on the pressure, if it is desired to set the volume at an
exact predetermined value, it becomes necessary to estimate
the pressure, calculate the volume corrections for that pres-
sure, make the setting and measure the pressure, then re-
calculate the setting and wait half an hour before recording
. .. .. .
the final pressure. One approximation usually will fix the
volume to within 0.001 cc. Two approximations sometimes
are necessary if the first estimate is poor or if the
pressure is high,
The research described by this thesis includes
(a) gaseous compressibility (p-v-t) measurements on isobutane,
a four-carbon saturated hydrocarbon, all the temperatures
measured being above the critical temperature, (b) vapor
pressure measurements on butene-1 at 30, 50, 75, 100, and
1250 C. Butene-1 is a straight chain four-carbon hydro-
carbon, with one double bond at an end, (c) the determination
of the critical pressure, temperature, and density (volume)
of butene-1 by inspection of a number of plotted pressure
vs. volume isotherms (constant-temperature lines). This
inspection takes the form of drawing an envelope around the
straight horizontal segments of the constant-temperature
lines and reading the temperature, pressure, and volume of
the highest point. (d) The measurement of the gaseous
(above the critical temperature) compressibility of butene-l.
The constants of the Beattie-Bridgeman equation
of state(2) for both isobutane and butene-1 have been cal-
culated from the compressibility data. The accuracy of
these constants has been tested by calculating the pressures
for the volumes larger than the critical volume measured
and comparing them with the observed values.
Let us consider each of these parts in turn.
"CL ~-YL
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1. The Compressibility of Isobutane
The results of the compressibility measurements
on isobutane are found in Table I, which also compares the
calculated Beattie-Bridgeman pressures with the observed
pressures for densities smaller than the critical. Above
the critical volume the Beattie-Bridgeman equation of state,
like all reasonably simple equations of state, does not
give good results. The pressures at higher densities have,
however, been measured up to the pressure limit of the
apparatus for accurate volume determination, somewhere
above 300 atmospheres. The highest temperature obtainable
with the apparatus is 3250 C. However, the oil in the bath
decomposes and smokes rather badly at this temperature, so
that the measurements were not carried above 3000 C. A
re-measurement of several pressures at 1500 C. after the
runs failed to bring to light any evidence of decomposition
of the sample. A comparison of our data with that of
Morris, Sage, and Lacey ( 3 ( 4 ) over a smaller range shows
excellent agreement (Table V).
2. The Vapor Pressures of Butene-1
After having purified, weighed, and loaded the
butene-1 sample into the apparatus and performed the
initial calibrations, the vapor pressures at 30, 50, 75,
100, and 1250 C. were measured. The pressures are found
recorded in Table VI. Extrapolation of the data of Lamb
and Roper(5) from 00 C. to 300 C. gives an excellent
check with our data, although further extrapolation as
might be expected does not check so well. Passing the
usual two-constant logarithmic equation through the
vapor-pressure vs. temperature curve gives fairly good
results (Table VI), which can be used with theClausius
Clapeyron equation (dp/dt = AH/TA V)and the liquid
densities determined at the end of each vapor pressure
run and with vapor densities calculated with the Beattie-
Bridgeman constants derived in the compressibility
measurements (Table X) to give enthalpies ("heats") of
vaporization. These heats of vaporization are recorded
in Table VII.
3. The Critical Constants of Butene-1
Using various methods of approximating the
critical temperature , choosing a temperature for the
initial run, a number of pressure vs. volume isotherms
were run in the critical region with the same sample of
butene-1 as used in the vapor-pressure measurements.
Figure I shows the plots of these isotherms, the envelope
around the straight segments, and the critical point itself.
Because of the presence of a small amount of impurity in
the butene-1, the straight segments are not quite horizontal.
It must be remembered when looking at Figure I that the
pressure scale has been greatly extended, thus exaggerating
the slope of the segments. No previous data on the
critical constants of butene-1 was found recorded in
the literature.
4. The Gaseous Compressibility of Butene-1
The oil bath surrounding the butene-1 bomb was
now run at higher temperatures and exact settings at
even density values measured for each temperature.
Polymerization of the sample halted the measurements
after the 250* 0. run. The experimental results are
found recorded in Table XII, and the pressures calculated
from the Beattie-Bridgeman equation of state with the
constants as determined from the data are compared with
them. In order to minimize decomposition during the
225 and 2500 C0. runs, only 25 and 20 minutes, respectively,
were waited for equilibrium at each point.
No previous p-v-t data on butene-lwere found in
the literature, except that of Roper(6)(7) from -30 to
- 5 0 0 0,
I. INTRODUCTION
The representation by equations of state of the
properties of pure hydrocarbon gases and their mixtures
requires extensive data on the critical properties and
pressure-volume-temperature relationships of the pure
substances. Such data are also of use in calculating vapor-
liquid equilibrium data for hydrocarbon mixtures, for
treating chemical equilibria involving the gases, and for
calculating heat capacities over a wide range of conditions
when heat capacity data for a series of temperatures at
only one pressure or volume are available. Modern petroleum
refining technique, with its new outlets of use for fairly
pure hydrocarbons, such as the manufacture of synthetic
rubber and the production of high octane rating motor fuels
makes extensive use of the relationships mentioned above,
and this use will increase as the need for the refiner to
produce single molecular species increases, with the widening
use of petroleum products for chemical production.
Critical and compressibility (pressure-volume-
temperature) data for a number of pure hydrocarbons have
been obtained in this laboratory and elsewhere. The
present work involves the extension of the body of data to
include the compressibility of isobutane and the compres-
sibility and critical properties of butene-1, and the fitting
of the Beattie-Bridgeman equation of state to the compres-
"-2-
sibility data, as well as the measurement of the vapor
pressure of butene-1.
Throughout this thesis temperatures are
reported in International centigrade degrees, and pres-
sures in normal atmosphere (760 standard millimeters),
except where stated otherwise.
-3m-
II. THE COMPRESSIBILITY OF ISOBUTANE
1. Samle
The isobutane (2-methyl propane) used was
furnished by the Linde Air Products Company through the
courtesy of Dr. L. I. Dana, and was guaranteed to be
better than 99.9 o/o pure. This high purity was sub-
stantiated by the absence of change in the vapor pressure
with change in vapor volume. The purification (removal
of non-condensible gases) and loading are described in
the Appendix, and have been previously described by
Edwards. The sample was the same as that used by Edwards
to determine the vapor pressures and critical properties.
The mass of the sample was 7.0074 + 0.0002 grams. The
molecular weight was taken as 58.077 grams for consistency
with previous measurements in this laboratory.
2. Compressibility Data
The method oftaking measurements has been
described in detail by Beattie and will be outlined in the
Appendix. It suffices here to say that the isobutane was
confined over mercury in a glass-lined bomb in a constant-
temperature bath, that the temperature was determined with
a platinum resistance thermometer, and the pressure with a
piston gage described by Beattie(1 ) and by Keyes (8). The
volume was controlled by introducing or removing mercury.
-4-
The pressure of the isobutane was measured at 150,
175, 200, 225, 250, 275, and 3000 C. (Int.), and at
densities of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,
6.0, 7.0, and 8.0 mols per liter, or as high a density as
the pressure limit for accurate volume measurement (300
atmospheres), will allow. Thus the data can be treated as
a series of isotherms or as a series of isometrics. For
calculating equation of state constants the constant
volume method of treatment is preferable. The values may
be found in Table I.
Decomposition was tested for by repeating the
first pressure measurement for each isotherm (the largest
volume being always used first) at the end of that isotherm.
Furthermore, several points at 1500 were checked after the
runs at 2500, 2750, and 300 .0 No change in pressure was
noted larger than experimental error (0.01 atm.) even after
the 3000 isotherm. No evidence of decomposition or poly-
merization was found when the bomb was disassembled.
3. The Beattie-Bridgeman Constants
From the compressibility data the five
constants of the Beattie-Bridgeman equation of state(2)
have been calculated for isobutane, following carefully the
method of calculation described by Beattie and Bridgeman.
Table I shows the experimental data up to the critical
density and compares with it the Beattie-Bridgeman pressures
~-~- P-~- II
calculated with the constants mentioned above. The
average per cent deviation is 0.27, The equation is
seen to represent the data well up to the critical
density, which is 3.790 mols per liter, as determined
by Edwards (10 ). The constants are shown in Table II.
4. A Comparison of Experimental Data with
Maron and Turnbull's Corresponding State
Theory
Maron and Turnbull (9 ) have developed a
method for deriving the Beattie-Bridgeman constants
for a gas from the theory of corresponding states, given
the constants and critical properties of a reference
gas and the critical properties of the gas in question.
If the primed characters refer to the reference gas and
Tc and Pc are the critical temperature and pressure,
respectively, then
I T P
C c
T P'
C C
S, c
T P'
C C
T P'
0c C
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The values calculated for isobutane using normal butane
as the reference gas(11) with the critical constants of
isobutane as determined by Edwards(1 0 ), are shown in
Table III. The critical pressure given by Edwards has
been corrected for the recalibration of the piston gage
completed shortly after the end of his determination.
An accurate appraisal of the effectiveness
of the Maron and Turnbull method as applied to isobutane
can be made only by comparing the calculated with the
observed pressures. This is done for representative
points in Table IV. In order to compare the accuracy of
the method as applied to isobutane with that of simpler
methods, the pressures determined with the aid of charts
of reduced isometrics for hydrocarbons (see, for example,
Weber, Thermodynamics for Chemical Engineers, New York
(1939), pages 105-108) are also shown. It is seen that
in the case of isobutane, using n-butane as the reference
gas, the Maron-Turnbull method is little more accurate
than the simpler method. The inaccuracy is due to the
limitations of corresponding state theory, namely, that
the states of different gases do not correspond exactly.
Any corresponding-state method is thus limited in accuracy.
907-
5. A Comparison with Previous Data
Morris, Sage, and Lacey (3 )(4) have measured
the compressibility of isobutane. Although their data
do not include so many different density settings as
ours, nor cover so wide a range of temperature, a com-
parison of the data will be interesting. Unfortunately
Morris, Sage, and Lacey did not use the same temperatures
as in the present research, although the densities
reported were also measured by us. The most accurate
method of comparing the data is to plot the isometrics
(constant-volume lines) of Morris, Sage, and Lacey on a
large scale, reading off the pressures corresponding to
the temperatures used in the present research. Table V
shows the results of this comparison. Although the dif-
ferences are in many cases larger than the sums of the
experimental errors claimed by both sets of workers, it
may be stated that the pressures are in substantial
agreement, and especially in the case of the lower den-
sities (up to the critical density) in excellent agree-
ment, since the error of reading the plots was about 0.05
atmospheres in the low density range and 0.10 atmospheres
in the higher densities.
6. Accuracy of the Measurements
Beattie(l) has estimated the accuracy of
the measurements with the compressibility apparatus as
.F-- II
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follows:
a. Pressure. The gas pressure can be
determined with an accuracy varying from 0.01 o/o in
the low pressure (say 10-50 atmospheres) room tempera-
ture region, to 0.03 o/o in the high temperature, high
pressure (near 300 atmospheres) region.
b. Temperature. A constant temperature
can be read with a given platinum resistance thermometer
with an accuracy of 0.0020 0. The deviations from the
international platinum resistance thermometer scale may
be as much as 0.01 to 0.020 above 1000,.
c. Volume. The largest uncertainties are
found in the volume measurement. The volume uncertain-
ties are about 0.007 cc. (volumes used are about 14 to
120 cc.) at the lower temperatures and pressures. At
the higher temperatures and pressures the volume un-
certainties may be 0.05 to 0.1 o/o.
d. Mass. The sample mass is easily
determined to 0.2 milligrams.
e. Total Accuracy. The overall uncertainty
in the compressibility data increases from 0.03 o/o at the
lower pressures (25 atm.) and temperatures to 0.1 to 0.2
o/o at the higher pressures (300 atm.) and temperatures.
_ .~T~a------ ^--*--'YP~
TABLE I
PRESSURES OF GASEOUS ISOBUTANE
Density Moles/Lite~Pres s u r e in Normal Atmospheres at
t0 C. (Int.) 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 6.0 7.0 8.0 1.Oend
150 Pobs 25.70 33.05 37.84 40.89 42.85 44.29 45.60 47.20 49.70 63.08 106.66 224.71 25.70
P cal 25.85 33.19 37.83 40.59 42.29 43.83
P ca-c -0.15 -0.14 +0.01 +0.30 +0.56 +0.46
175 Pobs. 28.45 37.63 44.49 49.75 54.04 57.92 61.95 66.77 73.34 98.41 160.44 303.79 28.44
P 28.52 37.67 44.40 49.54 53.87 58.25
calc.tP -0.07 -0.04 +0.09 +0.21 +0.17 -0.33
obs. cale.
200 P obs 31.13 42.06 50.93 58.36 65.02 71.51 78.52 86.85 97.67 134.54 214.22 31.13
Poalo. 31.17 42.08 50.85 58.26 65.11 72.23
Pobs. al -0 0 4 -0.02 +0.08 +0.10 -0.09 -0.72
225 Pobs 33.78 46.44 57.27 66.86 75.93 85.12 95.22 107.20 122.42 171.25 269.05 33.78
P bs. 33.80 46.44 57.19 66.82 76.10 85.84
poalo P -0.02 +0.00 +0.08 +0.04 +0.17 -0.72obs cale.
250 Pobs 36.39 50.75 63.48 75.23 86.73 98.66 111.94 127.65 147.36 208.05 36.40
P obs. 36.41 50.75 63.44 75.25 86.89 99.17
Pcalc P -0.0 2 +0.00 +0.04 -0,02 -0.16 -0.51obs. cale.
275 Pobs 38.99 55.02 69.66 83.58 97.52 112.27 128.78 148.35 172.59 245.51 38.99
P bs 39.00 55.02 69.63 83.54 97.49 112.24
pcaloP -0.01 +0.00 +0.03 +0.04 +0.03 +0.03
obs, cal,.
300 P 41.51 59.24 75.77 91.86 108.25 125.80 145.61 169.00 197.85 41.53
P calc. 41.59 59.27 75.76 91.76 107.96 128.11
P oal - 0 08 -0.03 +0.01 +0.10 +0.29 +0.69obs. oalo"
150 Pobs. 25.70 37.84 42.85
after all runs
AP, so 0.00 0.00 0.00
Avg, deviation 0.06 0.03 0.05 0.12 0.21 0.49
atmm. Total average deviation 0.160 atm. Total average o/o deviation 0.265 o/o
------- -- 
----. c I -- - -r -- - -- -- --- ---
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TABLE II
BEATTIE-BRIDGEMAN CONSTANTS FOR ISOBUTANE
R = 0.08206
Ao = 16.6037
a = 0.11171
Bo = 0.23540
b = 0.07697
o = 300 x 104
TO = 273.13 OK, Moleoular weight 58.077 (Based on
C = 12.000, H = 1.0077)
P = [RT(1-6)/Vs][V + B] - A/V8
A = Ao(l- a/V); B = Bo(l - b/V)
= Q/VT"
Units: normal atmospheres, liters per mole, oK.
TABLE III
COMPARISON OF MARON AND TURNBULL
CORRESPONDING STATE CONSTANTS WITH
EXPERIMENTAL CONSTANTS FOR ISOBUTANE
A0  a B b 0
Exp. 16.6037 0.11171 0.23540 0.07697 300 x 104
0.24572 0.09405 309 x 10 4
~
M& T 15.7097 0.12137
r -11-
TABLE IV
COMPARISON OF METHODS OF ESTIMATING PRESSURES WITH
OBSERVED PRESSURES FOR ISOBUTANE
D = 1.0 Moles/Liter
C00 (Int.) Pobs. PMaron-Turnbull o/o dev. Preduced o/o dev.
isometrics
150 25.70 26.92 4.8 27.4 6.6
225 33.78 34.93 3.4 35.7 5.6
300 41.51 42.76 3.0 45.1 8.7
D = 2.0 Moles/Liter
150 37.84 41.63 10.0 39.3 4.0
225 57.27 61.06 6.6 59.1 3.1
300 75.77 79.68 5.2 78.2 3.2
D = 3.5 Moles/Liter
150 44.29 53.59 21.0 46.5 5.0
225 85.12 95.18 11.8 103.8 22.0
300 125.80 133.98 6.5 158.6 26.1
TABLE V
COMPARISON OF M.I.T. PRESSURES WITH MORRIS,
DATA(2)(4) FOR
SAGE, AND LACEY
ISOBUTANE
Pressure in normal atmospheres
Density in moles/liter
tO C. (Int.) 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
150 PMS, L. 25.70 37.73 42.77 45.53 49.69 62.0 104.0 226.0
PM.I.T. 25.70 37.84 42.85 45.60 49.70 63.08 106.66 224.71
175 PMS, L. 28.55 44.46 53.94 61.63 73.09 97.8 159.7 304.1
PM.I.T.* 28.45 44.49 54.04 61.95 73.34 98.41 160.44 303.79
200 PMSL. 31.22 50.93 65.10 78.63 98.21 135.7 219.3
PM.I.T. 31.13 50.93 65.02 78.52 97.67 134.54 214.22
225 PM S L 33.80 57.25 76.18 95.61 123.1 173.2 271.4
PM. I.T. 33.78 57.27 75.93 95.22 122.42 171.25 269.05
-13-
III. VAPOR PRESSURES OF BUTENE-1
1. Sample
The butene-1 was furnished especially for
this research by the Linde Air Products Company through the
courtesy of Dr. John M. Gaines. It was purified by them.
Further purification to remove non-condensible gases was
carried out as described in the Appendix. The weight of
the sample was 6.7122 + 0.0002 grams, or 0.119729 mole on
the basis of a molecular weight of 56.0616, which is con-
sistent with previous researches performed in this laboratory.
2. Vapor Pressures.
The vapor pressures at 30, 50, 75, 100, and
1250 C. (Int.) were measured, using several different vapor
volumes at each temperature. The vapor pressure chosen as
the correct one was determined by drawing a curve through
the pressures for varying vapor volumes at each temperature.
The pressure at the largest vapor volume measured was chosen
as the vapor pressure. In most cases this is the same as
the observed pressure at that point. The values are given in
Table VI.
The effect of changing vapor volume on the vapor
pressure shows the presence of a small amount of impurity.
This is probably some hydrocarbon with a slightly different
boiling point. (See Appendix, page 38 ). It is thought that
the impurity is not permanent gas for the following
reasons: 1. The utmost precautions were taken to
prevent this. 2. The curves of pressure vs. vapor
volume do not appear to be hyperbolic. 3. Under-
compressed liquid was fairly readily obtained by intro-
ducing mercury into the system till the pressure rose
rather sharply, then slowly withdrawing some of it.
Undercompressed liquid could not be obtained if any
vapor space remained, since then vapor would be in equi-
librium with liquid, and the metastable state could not
be obtained.
The only other investigation on the vapor pres-
sure of butene-1 found recorded in the literature is that
of Lamb and Roper ( 5 ) . They measured the vapor pressure
from 195*K to 274*K, representing their results by the
equation:
loglPmm =-1330.977/T - 0.0017607T + 8.33816
Extrapolating to 350 C. by means of this equation, we get
3.41 atmospheres for the vapor pressure. The vapor pressure at
300 C. as determined by this research is 3.410 atmospheres,
an excellent check, which also testifies to the purity of
the sample.
The vapor pressure data yield (on least-squaring)
the equation:
logOPatm = 4.34475 - 1155.4/T; To = 273.16K .
_P ~ ~_
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The average deviation from 50 to 1250 is +0.031 atm. (see
Table VII). A three-constant equation is not advisable
with so few points.
3. Orthobaric Densities
The liquid densities were determined at each
temperature by introducing mercury till the pressure rose
to a tenth of an atmosphere or so above the vapor pressure.
This is probably not so accurate as the method used by
Edwards(10) of taking several measurements in the all-
liquid region and determining the intersection of the
pressure-volume curve with the vapor-pressure curve. In
order to calculate the vapor volumes, the vapor density
was calculated using the Beattie-Bridgeman equation of
state with the constants as determined in this research
(Table X). Because the Beattie-Bridgeman equation is
explicit in the pressure, the method of successive ap-
proximations is used. The orthobaric liquid and vapor
densities are found in Table VIII.
4. Heat of Vaporization
Using the Clausius-Clapeyron equation with
the vapor-pressure equation given above, and the ortho-
baric liquid and vapor densities as determined above, the
heat of vaporization at 50, 75, 100, and 1250 C. (Int.)
has been calculated. The equation is
Ad = t AV 2 2660.4 .X 4.124 cal/mole
_ ~ _.__ __
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The results are recorded in Table IX
A two-constant equation in the temperature
does not fit the heat of vaporization points well. The
scarcity of points and the difficulty of determining AV
at 1250 C., because of the proximity to critical conditions ,
make a three-constant equation unjustifiable.
TABLE VI
VAPOR PRESSURES OF BUTENE-1
t oC. (Int.)
30 Vapor volume
Vapor pressure
111.2 cc.
3.410 atm.
78.5
3.415
Final vapor pressure
42.2
3.418
3.410 + 0.02 atmospheres
50 Vapor volume 97.30
Vapor pressure 5.889
78.87
5.892
64.12
5.895
49.38
5.898
34.64
5.902
Final vapor pressure
75 Vapor volume 98.74
Vapor pressure 10.613
100 Vapor volume 102.13
Vapor pressure 17.675
125 Vapor volume 78.34
Vapor pressure 27.785
79.77 60.80
10.617 10.620
Final vapor
62.16 22.19
17.687 17.711
Final vapor
68.42 23.33
27.787 27.819
Final vapor
41.83
10,629
pressure
0.02
17.745
pressure
2.14
27.854
pressure
22.86
10.638
19.90
5.907
5.889 +
3.90
10.656
10.613 +
5.17 0.08
5.914 5.918
0.02 atmospheres
0.03
10.660
0.02 atmospheres
17.675 + 0.03 atmospheres
27.784 + 0.04 atmospheres
TABLE VII
COMPARISON OF CALCULATED AND OBSERVED VAPOR PRESSURES
FOR BUTENE-1
to C. (Int.) Pobs Pcal. obs-cale
3.410 atm. 3.416
5.889 5.881
10.613 10.622
17.675 17,722
27.784 27.724
= 4.34475 - 1155.4/T
atm. -0.006 atm.
+0.008
-0.009
-0.047
+0.060
T = 273.16 OK
TABLE VIII
ORTHOBARIC (AT VAPOR PRESSURE) DENSITIES OF BUTENE-1
t 0. (Int.) d ,,,,i dva ^
g .V (Beattie-Bridgeman)
50
75
100
125
HEAT OF
to 0. (Int.)
50
75
100
125
0.561 +0.002
0.523
0.477
0.411
0.0141
0.0255
0.0443
0.0792
TABLE IX
VAPORIZATION OF BUTENE-1
AHvap.
4519 cal./mole
4096
3496
2556
30
50
75
100
125
logl0P
6'
ir
- --- --
--
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IV. CRITICAL CONSTANTS OF BUTENE-1
1. Sample,
The same loading of butene-1 was used as
for the vapor pressure measurements (Part III).
2. Method of Determining the Critical Constants
The critical point is defined as that tempera-
ture and volume (or pressure) at which both (d2p/dv2 )T and
(dp/dv)T are zero. The point may be fixed by inspection
of a diagram on which pressure has been plotted against
volume for a number of isotherms in the critical region.
Figure I is such a diagram for butene-1, using data taken
in this research with the compressibility apparatus. The
data have been tabulated in Table XI.
The constants as determined from the diagram are
recorded in Table X. For a perfectly pure sample, the
method establishes the critical point to within 0.020 C.,
and the critical pressure to within 0.02 atmospheres.
Because of a small amount of impurity in the butene-1
sample, the isotherms under the dome are slanted somewhat,
making the location of the critical point more difficult,
so that the accuracy of which the apparatus is capable
cannot be claimed.
The method of taking the data was to run at the
same temperature for a whole day, waiting at least half an
hour for equilibrium at each volume. The pressures are
--
-20-
consistent to within 0.002 atmospheres, so that the
points on the graph have been drawn with a radius of
0.002 atmospheres on the pressure scale.
-21-
TABLE X
CRITICAL CONSTANTS OF BUTENE-1
t = 146.3 + 0.1 0 C. (Int.)
Pc = 39.67 + 0.06 normal atmospheres
v = 0.245 + 0.005 liters/mole
d = 0.229 gm./ml.
D = 4.08 moles/liter
FIGURE I
CRITICAL REGION OF BUTENE-1
024 026
VOLUM E- (LITERS/M 0 LE)
RITIC L REGION
39 85
3980
39 75
3970
39 65
39.60
39.55
39.50
3945
39 40
020 030
OF BUTEN E
TABLE XI
PRESSURES OF BUTENE-1 IN THE CRITICAL REGION(PRESSURES IN NORMAL ATMOSPHERES )
Volule-liters/mole Temperature 0 C. (Int.) Later
run
146,100 146.150 146.200 146.240 146.280 146.300 146.300 146.320 146.340 146.360 146.400
0.1951 39.6196 39.6971 39.7805 39.8601
0.2072 39.5306 39.6044 39.6772 39.7502
39.5523
39.5176 39.5477 39.5813 39.6052 39.6366 39.6555
39.5121
39.5106
39.5090
0.2134
0.2194
0.2255
0.2317
0.2346
0.2377
0.2409
0.2439
0.2469
0.*2498
0.2532
0.2561
0.2592
0.2622
0,2682
0.2744
0.2806
0.2866
0.2989
39.7193
39.5410 39.5789 39.6017 39.6290 39.6499 39.6592 39.6720 39.6854
39.5417 39.5750 39.5984 39.6263 39.6438 39.6549 39.6678 39.6813 39.7098
39.6252 39.6403 39.6538
39.5402 39.5725 39.5984 39.6228 39.6405 39.6527 39.6639 39.6771
39.6374 39.6502 39.6623
39.5377 39.5709 39.5953 39.6224 39.6370 39.6494 39.6616 39.6748 39.7016
39.6331 39.6465 39.6595 39.6714
39.5364 39.5669 39.5942 39.6193 39.6355 39.6337 39.6452 39.6576 39.6695 39.6967
39.6316 39.6431 39.6558 39.6675
39.5327 39.5657 39.5901 39.6151 39.6315 39.6434 39.6526 39.6658
39.6142 39.6269 39.6519
39.5294 39.5629 39.5883 39.6120 39.6275 39.6367 39.6489 39.6605 39.6861
39.5253 39.5564 39.5828 39.6056 39.6289 39.6423 39.6529
39.6187 39.5471 39.5719 39.5959 31.6124 39.6317 39.6435 39.6687
39.5077
39.5268
39.4854
39.5833
39.5412
39.6395
39.5959
39.5030
39.5005
39.4980
39.4928
39.4702
39,4309
- --d- ~_.~I__ --- i- pp-
F--i;I
i
The pressure of the butene-1 was measured at
150, 175, 200, 225, and 2500 C. (Int.) for densities of
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, and 8.0
moles per liter. Since no measurements were made at
pressures of over 300 atmospheres, no measurement at 8.0
moles per liter was made at 225* or at 2500. The data
can be treated either as a series of isotherms or as a
series of isometrics. The isometric method of handling is
often more convenient in fitting equations of state to
the data. The values of the pressures may be found in Table XII.
3. Polymerization and Decomposition of Sample
At the end of each constant temperature run,
which always started at the lowest density and worked
progressively to the highest, the lowest density measurement
was again made in order to determine the extent of poly-
merization, if any, during the run. No change was noted until
the 2250 run, when a drop of .025 atm. was observed. Since
this is rather slight, the 2500 isotherm was taken. The drop
iiimml -
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V. GASEOUS COMPRESSIBILITY OF BUTENE-1
1. Sample
The same sample was used as in the vapor
pressure and in the critical point measurements. No
deterioration had been observed up to the beginning of
the compressibility measurements.
2. Compressibility Data
TABLE XII
COMPRESSIBILITY OF BUTENE-1.
Density, Moles/Liter
Pressure in Normal Atmospheres
tO C. (Int.) 1.0 1.5 2.0 2,5 3.0 3.5 4.0 5.0 6.0 7.0 8,0
150 Pobs 25.60 32.76 37.21 39.74 41.02 41.63 41.95 42.66 46.22 63.13 117.33
Poalb 25.81 33.02 37.34 39.57 40.53 41.09 42.20
Pobs. l. -0.21 -0.26 -0.13 +0.17 +0.49 +0.54 -0.25obs calc.
175 Pobs. 28.35 37.34 43.86 48.60 52.16 55.04 57.69 64.04 76.69 108.07 183.55
P calo 28.48 37.47 43.81 48,30 51.70 54.85 58.62
Pobs.p cal -0.13 -0.13 +0.05 +0.30 +0.46 +0.19 -0.93
200 P 31.03 41.76 50.24 57.11 62.94 68.23 73.51 86.32 108.30 153.70 248.94
Pobs. 31.12 41.85 50.17 56.83 62.56 68.17 74.47
Pobs. . -0.09 -0.09 +0.07 +0.28 +0.38 +0.06 -0.96obs. oalc.
225obs 3.65 46.08 56.47 65.42 73.51 81.29 89.32 108.98 140.68 199.98
Ps. 33.74 46.17 56.41 65.19 73.18 81.15 89.87
obsal.p -0.09 - 0.09 +0.06 +0.23 +0.33 +0.14 -0.55
250 P 36.20 50.27 62.48 73.50 83.84 94.11 104.93 131.47 172.72 245.26
Pobs 36,36 50.44 62.58 73.41 83.59 93.84 104.88
pcalc, l -0.16 -0.17 -0.10 +0.09 +0.25 +0,27 +0.05obs, calc"
Average
deviation
atm. 0.14 0.15 0.08 0.21 0.38 0.*24 0.55
Total average o/o deviation 0.482 o/o
--- ------- --
Total average deviation 0.250 atm.
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after this run was 0.083 atm., marking the end of the
measurements. In order to minimize polymerization
during the 2250 and 250* runs, the standard equilibrium
time of 30 minutes at each point was cut to 25 minutes
at 2250 and to 20 minutes at 2500. In almost all cases,
the change in pressure after twenty minutes in previous
compressibility measurements has been within the experi-
mental error.
After the compressibility runs, the vapor pres-
sure at 1250 was again measured. A rather large gradient
with vapor volume was noticed, as one would expect in the
presence of even a low (say 0.1 o/o) concentration of
larger molecules. The results are shown in Table XIV.
4. The Beattie-Bridgeman Constants
The five constants of the Beattie-Bridgeman
equation of state have been calculated for butene-1 from
the compressibility data, following the method given by
Beattie and Bridgeman(2 ) except that the value of the
constant c was estimated from previous constants for four-
carbon hydrocarbons. This time-saving procedure is
justified by the fit obtained. The constants are tabulated
in Table XIII. The calculated pressures are compared with
the observed in Table XII. The mean pressure deviation is
0.250 atmospheres. The total average o/o deviation is 0.482.
One reason this is higher than that for isobutane (see page 5)
g
h
:I
R = 0.08206
A = 16.6979
a = 0.11988
B = 0.24046
o
b = 0.10690
0 = 300 x 104
Molecular weight = 56.0616 (c = 12.000; H = 1.0077)
Units: normal atmospheres, liters per mole,
OK (to 0 + 273.130)
p = [RT(l- )/V"][V + B] - A/V"
A = A (1 - a/V); B = Bo(1 - b/V)
E = C/VT2
TABLE XIV
EFFECT OF DECOMPOSITION DURING COMPRESSIBILITY RUNS
tO C. (Int.) 150 175 200 225 250
P1.0 moles/
liter
before run
25.603 28.353
atm.
31.028 33.652 36.204
P1.0 moles/l 25.601 28.351
after run
Ap 0.002 0.002
Vapor Pressure at 125*
31.021 33.625 36.121
0.007 0.027 0.083
C. Before and After Runs
Vapor volume
Pbefore
Pafter
76.5 cc.
27.785 atm.
27.312
68.4 Oc.
27.787
27.438
2.6 cc.
27.854
27.770
0.473 0.349
- ---- -- I ---
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TABLE XIII
BEATTIE-BRIDGEMAN CONSTANTS FOR BUTENE-1
0.084
-25-
is that the critical density of butene-1 is high enough
(4.08 moles/liter) to allow the inclusion of the 4.0
moles per liter isometric in the calculation. The
Beattie-Bridgeman equation, like all reasonably simple
equations of state, does not give good results at
densities greater than the critical density.
-26-
VI. SUMMARY
The gaseous compressibility of isobutane has
been measured at 150, 175, 200, 225, 250, 275, and 3000 C,
(Int.). The pressures are found recorded in Table I. The
constants of the Beattie-Bridgeman equation of state have
been calculated to be Ao = 16.6037, a = 0.11171, B0 = 0.23540,
b = 0.07697, and c = 300 x 104 for isobutane in units of
liters, atmospheres, and degrees Kelvin. The pressures
agree well with those of Morris, Sage, and Lacey (3 )(4 )
The vapor pressure of butene-1 has been measured
at 30, 50, 75, 100, and 125* C. (Int.) and found to be
3.410, 5.889, 10.613, 17.675, and 27.784 + 0.02 normal
atmospheres, respectively. The equation
loglOP = 4.34475 - 1155.4/T
fits the data with an average deviation of 0.031 atmospheres
in the range studied.
The critical constants of butene-1 have been
found to be t. = 146.3 + 0.10 C. (Int.) pc = 39.67 + 0.06
atmospheres, Vo = 0.245 + 0.005 liters per mole, D = 4.08
moles per liter, do = 0.229 gm./ml.
The gaseous compressibility of butene-1 has been
measured at 150, 175, 200, 225, and 2500 C. (Int.).
Polymerization of the sample prevented the use of higher
temperatures. The pressures are recorded in Table XII.
__
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The constants of the Beattie-Bridgeman equation of state
for butene-1 are Ao = 16.6979, a = 0.11988, B0 = 0.24046
b = 0.10690, and o = 300 x 104
APPENDIX
Al. METHOD OF THE MEASUREMENTS
It is necessary to measure the mass, pressure,
temperature, and volume of a pure fluid substance in
order to determine its state fully. In this laboratory
the mass is measured by weighing, the volume is set by
injecting a known amount of mercury into the bomb of known
volume which contains the sample, the temperature is the
same as that of the oil thermostat bath in which the bomb
is immersed, and the pressure is measured by means of a
dead-weight piston gauge connected by an oilline to the
mercury confining the sample. The method has been described
in detail by Beattie (1 ) and his co-workers (12 ) in their
Ph.D. theses. A somewhat abbreviated description follows.
1. Description of the Apparatus
Figure II is a diagram of the apparatus as a
whole, except for the temperature measurement and control
circuits. The apparatus consists of three main parts; the
bomb containing the gas the mercury compressor C, and the
piston gauge B.
(a) The Compressibility Bomb
The glass-lined bomb described by
Beattie( 1 ) was used. It consists of a heavy chrome-vanadium
steel case with a glass liner which has a small opening at
the bottom through a capillary tube for the admission or
__ _r~ __
FIGURE II
THE COMPRESSIBILITY APPARATUS
T T
/ /1/ VOL T
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withdrawal of mercury and for the transmission of the
pressure from the gas to the rest of the system. The
a
bomb is closed with a heavy cap fitted withlwrought-iron
gasket.
A ten-foot wrench is used to ensure tight closure,
and the cap is tightened again 24 hours later to take up on
the flow of the gasket.
The oil bath G containing the bomb is fitted with
rapid stirrers. Two baths are used, one containing mineral
seal oil for temperatures up to 1000 C., and another con-
taining 90W Socony Vacuum S/V Valrex Oil for temperatures
of 1250 C. to 3250 C. The temperature control circuit
attributed to Hull (13 ) is used. A platinum resistance
thermometer T is balanced with a Wheatstone Bridge. The
light reflected by the galvanometer mirror is focussed on
a selenium cell across the room. This cell is connected
into the grid circuit of a thyratron tube in such a manner
that as the light impinging on the cell varies, the current
running through the thyratron tube,to which an alternating
voltage is applied, will vary. This current, with a steady
auxiliary current on another heater, is used for heating the
bath. If the bath temperature falls, an increased area of
the selenium cell is lighted and the heating current rises,
and vice versa. Control can readily be held to + .00050 O.
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The bomb is connected through a steel capillary
tubing, let in at the top, to the riser block D and the
mercury compressor 0. This line is equipped with a cone-
valve E with a graduated dial which is always opened
the same amount,as is the valve in the riser-block, to
prevent volume errors.
(b) The Mercury Compressor
The mercury is stored and its volume
measured in a cylinder fitted with a smooth piston,
packed with cloth dipped in ceresine wax. A graduated
drum on the nut around the screw thread on the upper end
of the piston records the position of the piston. The
last calibration of the compressor was performed in 1938
by Stockmayer, whose value of 0.7158758 cc. per turn, with
deviations determined by him, was used in this research.
The compressor is immersed in an oil bath thermostatted at
300 C. + 0.0020,
(c) Pressure Gauge
The pressure is measured with a piston
gauge which will be described in more detail later. The
oil in which the piston rests makes contact with the mercury
system at the point of an insulated needle in the riser block.
When the mercury makes contact with the needle tip an
electrical circuit is closed which raises the grid bias of a
"I-- I r I -
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thyratron tube to which an alternating voltage has been
applied high enough so that no current will pass the tube,
and a pilot light in the circuit will be extinguished.
The point of pressure balance is indicated by the con-
tinued flashing of the pilot light. The amount of current
which passes through the mercury surface to signal contact
is at most very small and need not exist at all because of
the capacitance effect when the mercury is a few thousandths
of an inch from the needle.
The piston gauge is of the Amagat dead-weight type
and has been described in detail by Beattie(1 ) and by
Keyes . The piston, clip, bearing, scale pans, and weights
have been weighed in air against brass standards. The piston,
clip, bearing, and scale pans were re-calibrated in con-
nection with this research. No air-density corrections
need be applied since the effect of variations in air
density is negligible.
2. The Measurement of Mass
The weight of the sample was determined by the
direct weighing of the entire sample in a stainless steel
weighing bomb against a closed tare of almost identical
dimensions. The error of weighing is + 0.0002 gms. Several
weighings were made on different days of the bomb containing
the sample and of the empty bomb after the sample had been
-32-
removed from it, the weighings being averaged in each
case. The difference of these weights was taken as the
sample mass. Proper vacuum correction was applied to
the brass weights used. The method of loading the sample
into the weighing bomb and of transferring it to the
liner of the compressibility bomb will be described later.
3. The Measurement of Volume
The sample volume is measured with the
graduated drum and turn counter on the piston of the mercury
compressor. (see Figure II) The sample volume is given by
the difference between the initial reading, or bench volume,
and the reading at the conditions of the determination, with
appropriate corrections, as given by the equation:
v pt= +S = V- 
-- - AV - DI+D2+DVpt C Vbench mvd 30
where
(a) Vbench is the bench volume obtained by
adding the volume of the bomb liner to the zero-set for the
runs. The zero-set procedure will be described later. The
volume of the bomb liner is determined by weighing it empty,
then full of mercury. Corrections for air buoyancy and
stretch due to mercury head are made.
(b) my is the total gas volume, i.e., the volume
of mercury to be withdrawn at to O. from the bomb, and dt
and d30 are the densities of mercury at to C. and at 300 C.
__ __ _i; __~~ _~_ ______ ~~ _____________
(c) AV is the correction determined in the blank
run of Beattie and Kay for the effect of temperature and
pressure on the bomb volume.
(d) D, corrects for the loss of volume of
the compressed steel piston of volume my dt/d30 which was
present in the blank runs, and for the change in compres-
sibility of the mercury removed from the hot bomb to the
compressor at 300 C.
(e) Da is the correction for the volume of
mercury evaporated into the gas space 200.6 pHgmv/RTd t
where pHg is the vapor pressure of mercury at t0 0. and
total pressure p gas* This correction is negligible below
2000 C.
(f) D3 is the correction for the expansion of
the mercury in the riser block and capillaries with change
in room temperature.
The corrections DI, Dg, and Ds are all small and
easily made to less than + .001 cc.
(g) Vp t is the reading of the compressor converted
to cubic centimeters by the equation Vp t = aC + C, the
constant a and the calibration correction 6 being determined
in the compressor calibration.
4. The Measurement of Temperature
The method of controlling the temperature has
_I __ 
_
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been described above. The temperature is measured with
the aid of a strain-free mica cross type platinum
resistance thermometer calibrated at the ice, steam, and
sulfur boiling points. The Callendar formula:
Rt =Ro 1 +alt -100 10- le
was used for interpolation to intermediate temperatures.
The constants of thermometer No. 311 have been determined
by Blaisdell and later by Stockmayer and Edwards, whose
calibration was used in this research. The constants are:
Blaisdell 2/37 a = 0.003919474
5 = 1.49756
Stockmayer and
Edwards 11/40 =
a = 0.003918871
S = 1.49992
The Mdller bridge used to determine the resistance of the
thermometer was last calibrated in 1941 by Minett. The
variation of the bridge calibration with time was taken
into account in measuring the resistances.
5. The Measurement of Pressure
The method of determining the balance of the
weights on the piston gage against the gas pressure has
already been described.
_ 
--- -- --
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The accuracy of the measurement of pressure with
the piston gauge is about + 0.004 o/o. However, because of
small uncertainties in determining elevations, and other
effects, the accuracy of the pressure measurement in com-
pressibility work varies from about .01 o/o in the low
pressure, room temperature region to 0.03 o/o in the high
pressure, high temperature region.
The range of pressures that can be accurately
measured varies from about 3 atmospheres to about 300
atmospheres. Somewhat above 300 atmospheres hysteresis in
the stretch of the apparatus sets in, affecting the volume
measurement.
The calibration of the piston gauge will be
described as a separate subject. The constant at 300 C. is
2.00482 international millimeters per gram of brass in air,
All pressures are in terms of the vapor pressure of pure
carbon dioxide at zero degrees Centigrade, which has been
taken to be 34.401 normal atmospheres.
The pressure of the gas is determined by the
equation:
Pgas = P + PBar + PLevel + PMeniscus- PHg ,
where:
1. p is the pressure measured on the dead-weight
gauge.
~ I:-- -- - ~CD--
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2. PBar is the corrected barometric pressure.
3. PLevel is the correction for the differences
in oil-levels and mercury-levels between the bottom of the
piston and the bottom of the gas sample. The mercury-level
correction consists of two parts, one at room temperature
and the other at the bath temperature.
4. PMeniscus is a correction of 1.0 mm. for the
capillary depression at the oil-mercury surface in the
riser-block.
5. PHg is the vapor pressure of mercury corrected
for the effect of pressure by the relation:
.30 RT log 0  Hg = V(gas 
- PoHg
where poHg is the vapor pressure of mercury as given by the
International Critical Tables, and V is the molal volume of
liquid mercury at the temperature TO K.
I-iP 9~~ ;=
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AII. PURIFICATION AND LOADING
1. Distillation
The removal of non-condensible gases from the
isobutane and its loading into the weighing bomb have
been described by Edwards(lO). The tank containing the
isobutane was connected to the distillation system, the
valve was very slowly cracked, and 100 cc. of isobutane
were condensed into the system with liquid nitrogen
surrounding the first bulb. The valve was closed, and as
the sample warmed a portion was pumped off, the bulk of it
was condensed into the second bulb with liquid nitrogen
around it, and the bottom portion was pumped off. This
was repeated six times, the seventh distillation being
the condensing of ten cc. of isobutane into the stainless-
steel weighing-bomb. The sample was then pumped on for
two hours with liquid nitrogen surrounding the bomb with
the mercury diffusion pump running to remove the last traces,
if any, of non-condensible gases. During the first three
cycles successively decreasing amounts of a higher-melting
white solid were observed, but these (probably some higher
hydrocarbon) had been completely eliminated by the fifth
cycle. The absence of change in the vapor pressure with
large changes in vapor volume during the later measurements
confirm the high purity of the sample.
_ ~____ __
The butene-1 was furnished in a glass ampoule
fitted with a magnetic stopcock. The ampoule was sealed
to the distillation system, the sample (30 cc.) cooled
with liquid nitrogen, the stopcock seal broken, and con-
densation into the first bulb begun. The same method of
purification (seven cycles) was used for butene-1 as for
isobutane. Nine cc. were condensed into the weighing bomb.
The appearance of flakes of higher-melting white solid was
again noticed in the first four cycles of the butene-1
distillation, this time in larger amount. However, no
solid was present after the fifth condensation; nevertheless
the vapor pressure rise with decrease in vapor volume
indicatesthat the butene-1 sample was not so pure as the
isobutane sample. Instead of pumping the top and bottom
portions entirely out through the pump, an auxiliary
ampoule fitted with a magnetic stopcock for future use was
attached to the system just on the system side of the trap
leading to the pumps, and the top and bottom "cuts" were con-
densed into this ampoule which was kept surrounded by
liquid nitrogen. A stopcock served to isolate this ampoule
from the rest of the system during condensation into one of
the bulbs of the system. The first top "cut" was pumped off,
allowing the pressure to rise to several centimeters first,
then using only the Hyvac pump to avoid flushing mercury vapor
i _~.=-~ - ---II
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from the diffusion pump out into the room. This first cut
was pumped off to remove most of the light gases. Several
cc.'s were pumped out at two other stages in the
procedure for the same reason. The final pumping on the
"frozen" weighing bomb ensured complete removal of non-
condensible gases. The auxiliary ampoule was finally
sealed off and preserved with its contents for future use.
2. Weighing
The weighing bomb containing the gas sample
was weighed using the method of swings, which in effect
weighs the bomb twice on each pan. Weighings were re-
produceable to + 0.0002 grams. After the sample had been
loaded into the bomb liner, and the weighing bomb closed,
the bomb was again weighed, the difference of the weights
giving the sample mass. The mass of the isobutane sample
was 7.0074 + 0.0002 grams, and the weight of the butene-1
sample was 6.7122 + 0.0002 grams. In calculating the
volumes for the even density intervals, the molecular weight
of isobutane was taken as 58.077 grams and the molecular
weight of butene-1 was taken as 56.0616 grams, for con-
sistency with previous measurements in this laboratory.
3. Loading
After weighing, the full weighing bomb was
connected to a loading system which contained no stopcocks,
___ __ ___ ;i_
the one cement seal being covered with mercury to prevent
adsorption of hydrocarbon. A magnetic stopcock separated
the bomb from the bomb liner, which had previously been
evacuated for several days at 350o C. The bomb side of
the loading system was carefully evacuated and sealed off
from the pump. The bomb liner side of the system was
sealed off from the pump with a mercury seal, the magnetic
stopcock was broken, the bomb was immersed in liquid
nitrogen for a few minutes, then the bomb liner was immersed
in liquid nitrogen, the bomb cock cracked carefully, and
distillation carried out at about ten cm. pressure. After
the pressure had fallen to a few hundredths of a mm., the
liner was sealed off, the bomb cock closed, the weighing
bomb again weighed against an identical tare. The amount
of hydrocarbon left in the loading system (300 cc.) is
negligible.
__ __ __ .__ ~~r_
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AIII. THE ZERO-SET PROCEDURE
In order to determine gas volumes from compressor
settings, the bench volume, designated as VB must be
determined accurately. Since the blank run plot of Beattie
and Kay(12) was used to determine the blank run, we must
determine the bench volume at their conditions for it,
namely, at 300 C. and seven atmospheres. The bench volume
is made up essentially of two parts, one the setting of
the compressor with the liner still sealed, the other the
volume of the liner.
Both isobutane and butene-1 at 300 C. have vapor
pressures (2.94 and 3.41 atmospheres) in the range measurable
with our apparatus. Hence the zero set in each of these
cases was taken by measuring compressor settings for a series
of pressures from 3 to 10 atmospheres, plotting the results
on a large scale, and picking off the volume corresponding
to the vapor pressure at 300 as determined after the zero set.
Since the volume of the liner was determined at
a pressure of one atmosphere, it was corrected to the vapor
pressure of the gas at 300 using the coefficient of com-
pressibility of Pyrex glass under equal inside and outside
pressures. The volume of the system was then corrected
from the vapor pressure to 7 atmospheres by extrapolating
the slope of Beattie and Kay's blank run at 300.
__I _ _I _i_
The zero-set was measured with the bomb on its
side in the bath. After the zero-set the bomb was turned
upright, the liner floated in the mercury and broke off the
capillary tip at the scratch. The vapor pressure at 300
was then measured.
~__ 
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AIV. THE CALIBRATION OF PISTON GAUGE No. 21
The piston gauge used was calibrated during
the month of September, 1942, against the vapor pressure
of pure carbon dioxide at the temperature of the ice point
00 C. This pressure has been determined to be 26144.?7
standard millimeters of mercury by Bridgeman (14 ) who has
also described in detail the method of calibration used.
An abbreviated description of the method follows:
The carbon dioxide is contained in a steel bomb
suspended beneath the table and connected by steel capillary
tubing to one side of a short U of mercury, constructed of
steel, and fitted with an injector to adjust the amount of
mercury for temperature variation in the room. The other
side of the U is connected by an oil line to the piston
gauge. The tops of the mercury U tube contain insulated steel
needles, with level tips, so that by means of a thyratron
relay, it can be determined when the mercury is just in
contact with the needle point without passing more than a
negligible amount of current across the gap. At the point
of balance the pilot light will flash on and off continuously.
Carefully purified carbon dioxide from previous
measurements with the apparatus was used, any accumulated
permanent gases being removed by freezing the bomb with
liquid nitrogen and pumping to a high vacuum for a day. The
ice used to maintain the ice point was made from distilled
water, and gave an ice point with the platinum resistance
thermometer consistent with those previously obtained with
the thermometer. Distilled water was used, and was carefully
saturated with air before use in the ice bath.
The method of measurement consisted of immersing
the bomb in a large Dewar flask, filled with the mixture of
shaved ice and water, and balancing the pressure of the
carbon dioxide against weights applied to the piston gauge
by adjusting the weights and the amount of mercury in the U
until the mercury surface was in proximity to the needle tip
in each tube without changing the weight on the scale pan.
About four hours was required for each determination. The
point of balance could be maintained for an indefinite time,
with only slight variations due to the expansion or con-
traction of parts of the apparatus with room temperature. A
weight of 50 milligrams, corresponding to a pressure of 0.1
mm. of mercury, was sufficient to put the pilot light on or
off at the balance point.
Corrections were made for the head of carbon dioxide,
using the Beattie-Bridgeman densities, from the bomb to the
top of the ice bath at 00 C., and from the top of the ice
bath to the mercury surface at room temperature, and also for
the head of oil from the mercury surface in the other arm
of the U to the bottom of the piston, and for the barometric
--C-t- m
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pressure. The results of the calibrations are:
Determination C30O (Std. mm. per gm. of
brass-in-air)
1 2.004787
2 2.004863
3 2.004822
4 2.004882
5 2.004751
Avg. 2.00482
Beattie has proposed the formula
C = .000955008 g.3O o  (a + .00025)2
where g is the value of the acceleration of gravity at the
place where the gauge is used and d is the diameter of the
piston at 300 C., as giving the value of the piston constant
to within 0.03 o/o. In this case the average piston diameter,
as determined on the super-micrometer, was 0.68308 cm.,
giving, with the M.I.T. gravity of 980.397 dynes per gram,
2.0052 mm. per gm., a value about 0.02 o/o higher than the
true value.
--~PLI
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